Environmental deterioration is caused by a variety of pollutants; however, heavy metals are often a major issue. Development and globalization has now also resulted in such pollution occurring 
Heavy metal chemically refers to a class of a distinct subdivision of elements characterized with metallic properties. Transition metals, certain lanthanides, metalloids, and actinides, comprise heavy metals. The various properties of heavy metal include a density range of 3.5-7 g/cm 3 , atomic weight ranging from 22.98 to < 40, and atomic number of <2 (Afal and D r a f t 3 to toxic heavy metals through water consumption, through the food chain, or through high ambient air concentrations near emission sources (Lenntech 2004) . For example, the Love Canal tragedy in the City of Niagara, USA, shows the detrimental impact of metal contamination of soil and groundwater on the human population (Fletcher 2002) . According to the Agency for Toxic Substance and Disease Registry (ATSDR), heavy metals above the concentration limit can pose a threat to human health and cause chronic adverse effects (ATSDR), 2003a (ATSDR), , 2003b (ATSDR), , 2007 D r a f t 4 metals include Pb, As, Cr, Ni, Zn, Cd, Cu, and Hg (Wuana and Okieman 2014) . Heavy metals may persist in soil for a considerably long time (Adriano 2003) .
Marques et al. (2009) indicated that heavy metals include exchangeable ions that are
absorbed by inorganic solids on the surface. Insoluble inorganic and nonexchangeable ion compounds, such as carbonates and phosphates, are compounds from soluble metals (free metal ions), organic metal complexes, and metals attached to silicate minerals. Metals that exist naturally in the soil cause no contamination, unlike the metals that occur due to anthropogenic activities with separate entities or those present in high concentrations (Ramos et al. 1994) . The presence of heavy metals in soil also affects the soil pH (Harter 1983) , organic matter, density and type of charge in soil colloids, degree of complexation with ligand and soil, soil relative surface area (Norvell 1984) , and soil soluble concentrations (Marquoes et al. 2009 ). Metals induce toxic effects on soil microbes, and the degree of impact varies due to physiochemical conditions, such as pH, temperature, clay minerals, abundance of organic matters, inorganic anions and cations, and chemical forms of the metal (Baath 1989) . They also reduce organic matter decomposition in the soil and nutrient recycling (Chao et al. 2014 ).
Impacts on plants
Heavy metal accumulation above the tolerance level in plants also induces adverse effects on the plant. The plant becomes remarkably toxic, and it may ultimately die. Hence, some plants tolerate metal toxicity until the threshold level. Two aspects of plant heavy metal interaction are as follows: (i) metal-induced impairment of plant development and (ii) resistive adaptation of plants to metal toxicity through modified metabolism (Cheng 2003) . Heavy metals can interfere D r a f t 5 heavy metals affect the growth and photosynthetic pigments of the plants. Table 1 shows the specific effects of metals on plants. Hg, As, Pb, Cd, and Cr are ranked among the most toxic metals that display considerable public health significance (Tchounwou et al. 2012 ).
Impacts on human health
Heavy metal contamination in the environment can directly affect humans through dust inhalation or skin absorption. Table 2 presents the toxic effects of excess concentrations of heavy metals on human health. According to McLaughin et al. (2000) and Ling et al. (2007) , heavy metal contamination in soil poses a threat to both humans and ecosystems through direct ingestion or contact with contaminated soil. In the food chain, toxicity occurs in the following order: soil > plant > human or soil > plant > animal > human. Heavy metal contamination in soil also affects human health through drinking of contaminated groundwater and consumption of contaminated plants; this contamination also induces reduced agricultural production (Wuana and Okieimen 2011) . A case study reported by Yabe et al. (2010) showed that about 30% of Chinese children possess blood containing Pb levels in excess of the 100 g/L limit. Heavy metal exposure occurs through water, fish, soil, food crops, food animals, and toys. This exposure results in metal toxicity in children, which can cause damage to organs and body systems. Cd emissions have increased remarkably in recent years, especially with its presence in household waste. Excess Cd exposure levels are also reported in Europe (Lars 2013). Another example of metal toxicity affecting human health is evident in a study conducted at the cement facility in Sagamu, Nigeria. Findings revealed significant noncarcinogenic risks to children and adults who are 6-30 years old due to oral exposure to Cd and Cr from the facility. The levels are more than D r a f t 6
ENVIRONMENTAL MEDIA AND HEAVY METAL DISTRIBUTIONS
Heavy metals in water, soil, air, and other environmental media present considerable environmental concern because of their potential long-term effects on human health, particularly in developing countries where remedial techniques are nascent . In terrestrial ecosystems, soil is the main repository of heavy metal contaminants. Similarly, in aquatic systems, the sediment serves as the ultimate sink for these metals. The origin of such metals in the natural environment is from either geogenic or anthropogenic release, which causes interference or contamination on the aquatic and terrestrial food chains of humans and animals.
Environmental contamination sources include mining wastes, landfill leachates, municipal wastewaters, urban runoffs, and industrial wastewaters, particularly from the electroplating, electronic, and metal-finishing industries. In addition, heavy metals are used in electronics, machines, and the artifacts of daily life; high-technology applications are also extensive (Ravindra et al. 2013) . Such usage of heavy metals for advance technology results in the prevalence of emitted metal concentrations in the environment due to improper waste disposal.
Therefore, high metal concentrations contaminate aquatic environments and cause harm to aquatic organisms and humans. Heavy metals tend to bioaccumulate in the food chain.
Sources of heavy metals as contaminants in soil
When soil is contaminated with metal, the effect can be malignant, especially on soil microbial properties (Yang et al. 2012 ) and soil diversity with respect to taxonomy and functionality (Vacca et al. 2012) . The environmental/human risk associated with metal pollution cannot be D r a f t
7 Table 3 provides a summary of the various sources of heavy metals contaminating soil annually. 
Sources of heavy metals as contaminants in water
Heavy metal contamination in water can originate from untreated sewage and other wastewater types from chemical industries and urban mining. Activities, such as mining and construction, add high heavy metal concentrations to immediate water sources, especially ground water. Table   5 presents the heavy metal and source of contaminants in drinking water (EPA 2014) . Some mature fruit orchards may contain high levels of arsenic, which was previously used as a pesticide. At high levels, these metals pose health risks. Lake waters and other forms of surface water naturally contain some concentrations of heavy metals at appreciable levels required for maintaining ecological equilibrium. Unfortunately, activities causing pollution change this ecological equilibrium. The varied effects of anthropogenic inputs from the natural inputs should be understood to enhance environmental management.
Ground water contamination is caused by leachates from landfills generated decades ago (Hem 1989; Butow et al. 1989; Alloway and Ayres 1997 Health Organization (0.5, 0.1, 0.01, and 0.0002 mg/L, respectively), and the distance from ground water to landfill is 2 km (Oyekul and Eludoyin 2010) . Metals also cause incessant contamination of ground water. Given the industrial metal pollution in the valley of River Po in North Italy, the underground water source is rendered useless because it is permanently closed.
Pollutants may permeate the environment gradually at small concentrations, but toxic effects may be amplified due to bioavailability and accumulation with the entry of the pollutants (heavy metals) into the food chain. Metal pollution is often confined at a specific location, but borderless distribution may be possible due to the economic importance of metals. Metals were used even before the Industrial Revolution, and it remains a core component of most production.
Hence, the global distribution of metal pollution should be elucidated to show the need for reclamation.
GEOGRAPHICAL OUTLOOK OF HEAVY METAL-POLLUTED SOIL

Asia
Asian countries, especially China, Thailand, Japan, Korea, and India, engage significantly in agriculture, which involves rice cultivation. Thus, the surface layer of certain rice paddy soils in Korea contains Cd, Cu, Pb, and Zn, with a level ranging from 0.11 mg kg −1 to 4.47 mg kg −1 (Jo and Koh 2004 
Africa
Urbanization and other industry-related activities contribute to the large waste generation in Africa, and heavy metals are common components of the waste stream. Historically, mining is common to Africa, and it causes leaching of metals, especially in Algeria (Hg), Namibia (As), (Nriagu 1978) .
Phosphate fertilizers also contain Cd, which can be a contaminant in agricultural land and crops.
An important problem associated with tropical weathering that presents considerable implications on soil susceptibility to pollution is acid soil development with low-buffering capacities. Such soils lack one or more nutrients due to leaching, soil erosion, and extractive farming practices. Soil acidity promotes sorption of toxic metals in both plants and soils and involves high levels of soluble Al. The Republic of Zambia is rich with mineral resources, such
as Cu, Co, Zn, and Pb (Stockwell et al. 2001) , and mining is the most established industry. Stockwell et al. (2001) stated that approximately 3% of the world's yearly Cu production and the annual production of 20% in 1997 both come from Zambia, where ores are smelted. The core mining areas in Zambia are Kabwe town and Copperbelt. Hence, heavy metal pollution is considered one of the most important environmental issues in Zambia, and this pollution causes severe effects on humans and animals (Nwanko and Elinder 1979; Syakalima et al. 2001) . Given the transportation of mined metals through waterways, the pollution levels at nearby rivers and sediments are high in Cu and Pb concentrations. However, in areas geographically distant from the mines, heavy metal concentrations are moderate or low.
United States of America
As one example of the issues facing North America, in the USA alone, 600,000 contaminated brownfields are identified that require an appropriate remediation method (McKeenan 2000) .
According to the US government data, coal mines contaminate more than 19,000 km of US stream water with heavy metals. Additionally, about 100,000 or more croplands are damaged due 
Europe
Industrial activities are responsible for over 60% of Europe's soil pollution (heavy metals account for 37% of the total). The European Environment Agency approximated that more than 250,000 soil-polluted sites exist in Europe, with about 80,000 cleanups across the EU countries in the last 30 years. The most contaminated soils are those close to waste landfills, oil and gas facilities, industries, military stations, and nuclear power plants. The economic activities in European society generates additional system wastes, and over 90 million tons from the 3 billion tons of generated solid wastes are hazardous. The Environmental Data Centre on waste-specific D r a f t evaluation revealed that contemporary Bulgarian agriculture is facing threats due to natural irregularities over the past decades. The consequent economic difficulties and anthropogenic influences mainly consist of soil contamination and poor farmer practices. Contaminations from Cd, Zn, Pb, and As, and operations from diverse nonferrous factories polluted approximately 200,000 ha soils in Bulgaria with the same metals at levels above the maximum limit (Atanasov et al. 1993; Dinev 1998 , Dinev et al. 2008 ). This kind of contamination can cause adverse effects on human health (Adriano et al. 2004 ). In Poland, 0.5% of the total soil is contaminated with metal. In France, approximately 800,000 sites are exposed to similar conditions. Metal Raskin and Ensley (2000) and Tyler et al. (1989) viewed the technology as a major environmental cleanup option that utilizes specialized plants, which are also engineered to accumulate pollutants. The remediation process from plants is distinct; various parts of the plant tend to follow specific mechanisms of action, such as uptake by root systems, translocation through the designated tissues, bioaccumulation and eventual storage of pollutants, or degradation within the other plant parts. These mechanisms explain the association of plants with the microbial rhizosphere and cause the sequestration, degradation, or immobilization of pollutants in soil as a cleanup option and in water matrices (contaminated with heavy metal) (Pilon 2005).
The above process takes into account several factors, namely, changes in plant species, development stages of the plants, and characteristics of metals that control the extent of absorption, accumulation, and translocation (Nouri et al. 2009 ). Several current practices for metal remediation in soil fail to address discretely the contamination problem due to the digging, dumping, and encapsulation activities involved. Immobilization or extraction techniques can be largely expensive, whereas phytoremediation is inexpensive (Paz et al. 2014 (Landberg and Greger 1996) ; plants with low biomass that possess hyperaccumulating potentials, especially Thlaspi and Arabidopsis species, are also involved in this mechanism. The number of plant species with hyperaccumulation capability for metal concentration at levels higher than 1000 mg/kg dry weight is 4 (As), 14 (Pb), 1 (Cd), >320 (Ni), 34 (Co), 20 (Se), and 34 (Cu) (Reeves 2003) . In phytoremediation, several strategies are involved. Table 6 shows the five main strategies involved in phytoremediation.
Case practices in phytoremediation
Removal of heavy metals from wetlands
Wetlands are important sinks for heavy metals, and they can exert toxic effects on biota (Keller et al. 1998) . In riparian wetlands, heavy metals exist mainly in water, soils, and biota. Hence, riparian wetlands can accumulate a large amount of heavy metals (Lejeune et al. 1996; Prokisch et al. 2009 ). Wetlands are affected rapidly because of growing urbanization coupled with industrialization. In developing countries, industrialization occurs through the replacement of natural ecosystems, with the main objective of commodity production for a short-term benefit.
Consequently, industrial colonies are developed, and urban wastes are dumped in the altered environmental setups. Heavy metal pollution causes considerable acidity of land, and high metal content alters the biotic community composition, which can result in mortality. Naturally, wetlands can tolerate metal to some extent, but once it becomes saturated it will have the potential to cause environmental problems. Heavy metals normally enter the environment through a network of different canals and channels that adversely affect aquatic organisms after deposition. Water hyacinth (Eichhornia crassipes Mart. Solms) was studied for its ability to take up and translocate metals from Erh-Chung wetlands in Taiwan. 42%, 56%, 49%, and 31% for Sn, Zn, As, Cu, and Pb, respectively. These plant species exhibit potential for successful phytoremediation of tin mining tailings in Peninsular Malaysia.
Removal of heavy metals from agricultural soils
Metal pollution in Taiwan paddy soils is a significant problem that involves illegal disposal of wastewater from industries, mainly chemical and electroplate plants, rather than only metals from parent materials (Chen 1992 ). An important example is the extent of Cd contamination induced by plastic stabilizer that is used to produce rice in Taoyuon, Taiwan in the 1980s.
During this period, about 100 ha of paddy fields are contaminated with excess Cd and Pb due to the illegal discharge at a location proximal to the field (Chen 1991 phytoextraction, which increases the period required for effective remediation. Figure 1 illustrates the uptake mechanisms of phytoremediation technology. Phytoremediation requires 3-20 years to reduce the immediate concentrations of Cr, Cu, Ni, and Zn to the regulated levels based on the Soil and Groundwater Pollution Remediation Act of Taiwan. Results of this feasibility study also showed that the use of suitable plants contaminated with high concentrations of heavy metals enabled the contaminated sites to recover to their natural D r a f t condition and generate economic benefit (Zeng et al. 2010) . Table 8 provides a list of metal pollutant-accumulating plants.
MICROBIAL BIOREMEDIATION
Heavy metals cannot be degraded, but they can be transformed from one oxidation state to another inorganic complex. This transition can be achieved by a microbial remediation method. According to their effect on the environment and human health, bioremediation is one of the most feasible methods for the remediation of soil that is contaminated with organic and inorganic compounds. This process utilizes microorganisms or plants to decontaminate or remove organic and inorganic xenobiotics from the environment. Bioremediation is an environmentally friendly technology solution to overcome heavy metal contamination. This method is a sustainable remediation technology that rectifies and re-establishes the natural soil condition. Bioremediation is also listed among new technologies or approaches that derive its scientific justification from the emerging concept of environmentally friendly chemistry and engineering. This technology is a fast growing and promising remediation option that is increasingly studied and applied for pollutant cleanup (Dadrasnia et al. 2014 ). The response of microbial communities to heavy metals relies on the concentration and availability of metal ions.
The microbe reaction to metal is a remarkably complex process, which is controlled by several factors, such as type of metal, nature of medium, and microbial species, when active uptake of heavy metals (bioaccumulation) and/or passive uptake (adsorption) occurs. Microbial cell walls, which mainly consist of polysaccharides, lipids, and proteins, offer many functional groups, including carboxylate, hydroxyl, amino, and phosphate, which can bind heavy metal ions.
Bioremediation is possible in soil, sediment, and water through biological process, and it can be practiced ex situ or in situ. Ex situ technologies are treatments carried out physically for the removal of contaminant in another area (possibly within the site) for final treatment, whereas in situ techniques involve the treatment of contaminated material in its immediate location. Several factors influence the bioremediation process: i) loss of microbial viability during inoculation (Van Veen et al. 1997) , Heavy metals do not go through chemical or biological degradation to alter or reduce their toxicity over time (Knox et al. 2000) . The microorganisms involved in bioremediation cannot degrade the metal, but they can transform it from one oxidation state or organic complex to another state. During effective bioremediation processes, the metal can be transformed to either a water-soluble, low toxic state or to a low water-soluble state; thus, the metal precipitates and becomes less bioavailable, or it is removed from the contaminated site or volatilized and removed from the polluted area (Garbisu and Alkorta 1997) . Microbes tend to decrease some metals in metabolic processes enzymatically; these metals do not involve metal assimilation (Lovley et al. 1993) . Several bacteria couple the oxidation of simple organic acids and alcohols, hydrogens, or aromatic compounds.
An example of heavy metal bioremediation is when all bacteria species essentially need 
Bioaugmentation
Bioaugmentation is used to improve the degradation activities of contaminated sites by introducing specific potential microbes or groups of microorganisms. Forsyth et al. (1995) , bioaugmentation is mainly suitable for soils with considerably low levels of contaminantdegrading microbes and those with compounds requiring multi-process remediation, including processes that are detrimental or toxic to microbes and suitable for small-scale sites; the cost of nonbiological methods exceeds that of bioaugmentation. In many contaminated soils, the microorganisms remain exposed to various chemicals with additive, synergistic, or antagonistic effects (Chaperon and Sauve 2008) . Laboratory studies demonstrated significantly reduced metal concentrations in polluted soil through the use of bioaugmentation (Emenike et al. 2016; Emenike et al. 2017 , Fauziah et al. 2017 ).
Biostimulation
Biostimulation is a process where the environment is modified to stimulate the existing bacteria, which can enhance bioremediation. This process can be carried out by adding nutrients, such as phosphorus, nitrogen, oxygen, or carbon. Nutrient addition aims to increase the population or activity of naturally occurring microorganisms available for bioremediation. The advantage of the biostimulation method is that the native microbes present induce bioremediation due to adaptation to the subsurface environment and optimal spatial distribution within the subsurface. Some factors that may limit the activity of biostimulation in soil for heavy metal removal are nutrients, pH, temperature, moisture, oxygen, soil properties, and contaminant type (Atagana 2008 , Al Sulaimani 2010 Bundy et al. 2002) . Fulekar et al. (2012) carried out a biostimulation study using bacteria cultured from isolated heavy metals, which were obtained from a contaminated site located at Bhayander (east), Mumbai, India. Metal-tolerant bacteria were isolated and introduced into bioreactor with selected metals, namely, Fe, Cu, and Cd, at different concentrations (25, 50, and 100 µg/mL, respectively). The experiment was biostimulated under aerobic conditions to induce the bioremediation of heavy metals. The resistance, and the reduction was enzymatically mediated. It is possible that high-performance bacteria can be obtained at extreme conditions with the use of genetic engineering technology.
Bioattenuation
Bioattenuation is another in situ treatment method adopted for microbial remediation of heavy metals. This method utilizes natural processes to control the spread of contamination from chemical spills and decrease the concentration of pollutants at contaminated sites. Consequently, the environmental contaminants remain undisturbed to provide an opportunity for natural degradation, reduction, or transformation of the contaminant. Natural attenuation is a part of a site cleanup, and it also includes the control or removal of the source of contamination. The effectiveness of bioattenuation typically depends on activities prevalent at the polluted sites.
Nonetheless, the bioattenuation rate varies due to the types of pollutants and associated physical, chemical, and biological characteristics of the soil and ground water. This process may reduce contaminant mass (biodegradation and chemical transformations) by reducing the concentration of pollutants (through simple dilution or dispersion) or binding contaminants to soil particles so that the contamination will not spread or migrate distantly (adsorption). This process is an effective, inexpensive, and the most appropriate method to remediate contamination problems.
Bioattenuation depends on natural processes to dissipate contaminants through biological transformation.
Case study on bioremediation
Europeans have invested large amounts of money to remediate contaminated soils. In the 
Bioremediation of heavy metal-contaminated soil in previous mining sites
Mining and smelting activities have largely contributed to soil contamination and poses high risks to human and ecological health. A total of 20,000,000 acres of farmland in China are contaminated with different types of heavy metals, and this area accounts for one-fifth of the total arable farmland. The quality of soil in farmlands surrounding the mining site became poor; the heavy metal level already exceeds the third level of environmental quality standard for soil in China (GB15618-1995). Bao Chen et al. (2011) used two Pb-resistant bacteria, namely Bacillus pumilus and P. aeruginosa (GeneBank accession Nos. FJ402988 and GU017676); these bacteria were isolated and identified from the soil of a Pb-mining district (Heilongjiang province, China) based on the 16S rDNA gene sequence analysis. The bacteria were inoculated into soil planted with cabbages at different Pb concentrations. To understand the remediation potential of isolated bacteria, several indices, including microbial count, soil enzyme activity, microbial community diversity, and soil Pb concentration, were investigated. Results indicated that the bacterial count in 1000 mg/kg Pb-treated soil was largely affected with inoculation of Pb-resistant bacteria; the count increased by about 237% and 347% over that of the control without bacterial addition.
Microbial community diversity was also analyzed by polymerase chain reaction-denaturing D r a f t 22 gradient gel electrophoresis (DGGE). Results proved that the samples inoculated with Pbresistant bacteria exhibit more bands and higher intensities in DGGE patterns than those of uninoculated samples. For samples inoculated with Pb-resistant bacteria, the reduction of Pb concentration in rhizospheric soil was at least 15 mg/kg and 42 mg/kg at most. In conclusion, P.
aeruginosa exhibits an excellent tolerance to high Pb concentration and strong remediation ability.
Bioremediation of heavy metal-contaminated soil in agricultural soil
Meghraj and Daneshwar (2013) Similarly, Zn was reduced from 1070 mg/kg to 172 mg/kg, which is about 84% reduction. The lead concentration also decreased from 459 mg/kg to 74 mg/kg. Biosensors were used to measure a complete decrease in the bioavailability of metals.
In China, many sewage irrigation areas experience a reduced agricultural yield due to heavy metal pollution, especially Cd. Jiang and Fan (2008) Hess and Schmid (2002) D r a f t D r a f t Table 7 . Cd accumulation in different plant samples (Chen and Lee 1997) Plant species Concentration of Cd in the leaves (mg kg −1 )
Celosia argentea 86
Pentas lanceolata 44
Verbena tenera 42
Cosmos bipinnatus 13
Salvia splendens 12
Zinnia elegans 10
Osmanthus spp. 4
Rhododendron spp. 3 D r a f t SCIENTIFIC NAME COMMON NAME
Armeria maririma Seapink thrift
Ambrosia artemisiifolia Ragweed
Brassica juncea Indian mustard
Brassica napus
Rape, rutabaga, turnip
Brassica oleracea
Flowering/ornamental kale and cabbage, broccoli
Festuca ovina
Blue/sheep fescue
Helianthus annuus Sunflower
Thalspi rotundifolium Pennycress
Triticum aestivum Wheat (scout)
Zea mays Corn D r a f t
